Age at puberty, ovulation rate, and uterine length of developing gilts fed two lysine and three metabolizable energy concentrations from 100 to 260 d of age
ABSTRACT:
The objective of this study was to determine the effect of ad libitum feeding diets dif fering in standard ileal digestible (SID) lysine and ME concentrations that bracket those fed to devel oping gilts in U.S. commercial settings. Average SID lysine and ME concentrations in diets currently fed to developing gilts were obtained from a poll of the U.S. commercial swine industry. Crossbred Large White  Landrace gilts (n = 1,221), housed in groups, were randomly allotted to 6 cornsoybean diets in a 2  3 factorial arrangement formulated to provided 2 SID lysine and 3 ME concentrations. Gilts received grower diets formulated to provide 1.02% (control = survey average) or 0.86% (control minus 15%) SID lysine and 2.94, 3.25, or 3.57 (survey aver age ME  10%) Mcal of ME/kg from 100 d of age until approximately 90 kg BW. Then, gilts were fed finisher diet containing 0.85% (control = survey aver age) or 0.73% (control minus 15%) SID lysine and 2.94, 3.26, or 3.59 (control  10%) Mcal of ME/kg until 260 d of age. Gilts were weighed, and backfat thickness and loin muscle area were recorded at the beginning of the trial and then every 28 d. Starting at 160 d of age, gilts were exposed daily to vasecto mized boars and observed for behavioral estrus. At approximately 260 d of age, gilts were slaughtered and their reproductive tract was collected. Each repro ductive tract was examined to determine whether the gilt was cyclic, the stage of estrus cycle, ovulation rate, and uterine length. Data were evaluated for nor mality and analyzed using mixed model methods. Average age at puberty was 193 d of age with a range from 160 to 265 d. When all gilts on trial at 160 d of age were included in the analysis, 91.0% reached puberty as determine by observation of standing estrus. Differences between dietary treatments on age at puberty or measurements of the reproductive tract were not detected. Growth rates to 160 d were not limiting for attainment of puberty in response to daily boar stimulation from 160 d. 1 This work was funded by the National Pork Checkoff under the Sow Lifetime Productivity Project 12209. The authors would like to thank Murphy Brown LLC for their collaboration during this project. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture. The U.S. Department of Agriculture (USDA) prohibits discrimination in all its programs and activities on the basis of race, color, national origin, age, dis ability, and where applicable, sex, marital status, familial status, parental status, religion, sexual orientation, genetic information, political beliefs, reprisal, or because all or part of an individual's income is derived from any public assistance program. (Not all prohibited bases apply to all programs.) Persons with disabilities who require alternative means for communication of program information (Braille, large print, audiotape, etc.) should contact USDA's TARGET Center at (202) 720-2600 (voice and TDD). To file a complaint of discrimination, write to USDA, Director, Office of Civil Rights, 1400 Independence Avenue, S.W., Washington, DC. 20250-9410, or call (800) 795-3272 (voice) or (202) . USDA is an equal opportunity provider and employer.
INTRODUCTION
Nutrition is the most manageable environmental factor that influences the efficiency with which gilts en ter the sow herd (Klindt et al., 2001 ). This efficiency includes not only appropriate growth and feed utiliza tion but appropriate reproductive tract development as well. Several studies indicate that if gilts reach pu berty at an earlier age, sow longevity and/or reproduc tive performance could be improved (Chapman et al., 1978; LeCozler et al., 1998; Saito et al., 2011; Knauer et al., 2010; Tart et al., 2013) . Adequate nutrition during growth is required for proper development of reproduc tive females (Klindt et al., 1999) . Energy (Kirkwood and Aherne, 1985) and protein (Friend, 1973; Murray et al., 1998) intake can influence reproductive perfor mance of gilts as growth rate and body composition are related to puberty onset (Beltranena et al., 1991) .
Studies about lysine and energy concentrations in the diet and age at puberty and reproductive tract measurements are scarce, with most of the studies fo cused on different dietary regimes (i.e., ad libitum vs. restricted feeding) and their effects on reproductive performance and sow longevity. The Animal Science Committee of the National Pork Board commissioned trials to determine the effects of ad libitum fed gilt de velopment diets on sow lifetime productivity. To de velop diet parameters for a long term sow trial, this trial was designed to determine if body composition at initial estrus could be altered by ad libitum feeding developer diets differing in energy and/or amino acid concentrations (for further details, see Calderón Díaz et al. [2015] ). An additional research question was to investigate the possible effects on reproductive param eters. The objective of this study was to investigate the effect on reproductive measures of ad libitum feed ing diets differing in SID lysine (g/kg) and ME (Mcal/ kg) concentrations that bracket those currently used in practice by pig producers in the United States.
MATERIALS AND METHODS

Care and Use of Animals
This study was approved under revised United States Department of Agriculture guidelines and was conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Research and Teaching as issued by the American Federation of Ani mal Science Societies (FASS, 2010) .
Crossbred Large White  Landrace gilts (n = 1,221) were used in this study. Maternal line gilts for this ex periment originated from Murphy Brown LLC facili ties in Milford, Utah from sows from parities 2 through 8. Gilts were moved at weaning to group-housing (17 to 18 gilts per pen with a minimum 0.95 m 2 per gilt) in 2 naturally ventilated commercial wean-finish barns at a Murphy Brown LLC facility in Goldfield, Iowa. Pens (2.3 m wide by 6.6 m long) used in the study had 63% of the area with solid concrete flooring in which a feeder with four feeding spaces was centrally posi tioned. The remaining area had concrete slatted (slat width = 12.7 cm; space between slats = 2.5 cm) floor ing. All gilts were fed a common nursery and grower diet until placed on trial diets at approximately 100 d of age. Gilts were assigned to pens such that littermates within each group of 6 littermates or less would not end up receiving the same dietary treatment. Pens (12 pens per diet; 36 pens per barn; 72 pens on trial) were randomly assigned to 6 cornsoybean meal based diets in a 2  3 factorial arrangement that provided 2 SID lysine and 3 ME concentrations.
Gilts were provided ad libitum access to the diets in 2 phases. First, gilts received a grower diet from 100 d of age until they reached approximately 90 kg BW. Grower diets were formulated to provide 0.86% SID lysine (control minus [CM] 15%; 2.92, 2.64, or 2.41 g/ Mcal for the low, medium, and high ME diets, respec tively) or 1.02% (control) SID lysine (3.47, 3. 14, or 2.86 g/Mcal for the low, medium, and high ME diets, respectively). Then, gilts were provided ad libitum ac cess to a finisher diet until they were slaughtered at ap proximately 260 d of age. Finisher diets were formu lated to provide 0.73% (CM; 2.48, 2.20 or 2.0 g/Mcal for the low, medium, and high ME diets, respectively) or 0.85% (control) SID lysine (2.89, 2.60, or 2.37 g/ Mcal for the low, medium, and high ME diets, respec tively). The medium ME and control lysine diet was based on a poll of the commercial pig industry con ducted by the NPB (Des Moines, Iowa, personal com munication) to obtain the lowest and highest ranges of SID lysine and ME concentrations commonly utilized by the U.S. swine industry. The poll represents a ma jority of pigs grown in the USA. Results from the poll (NPB, unpublished data) showed that US pig produc ers consistently use greater values for SID lysine but similar values for ME than those recommended by the NRC (2012) or the National Swine Nutrition Guide (Whitney and Masker, 2010) . The ME and lysine com binations were designed to restrict growth (CM lysine, low ME), provide a control level of growth (control lysine, medium ME), and to have 1 or more diets that alter the developing gilts body composition (i.e., im balance of lysine and ME, designed to manipulate the lean to fat ratio).
In both the grower and finisher diet, the estimated SID lysine used was greater than the SID lysine esti mated requirements recommended by the NRC (2012) and the National Swine Nutrition Guide (Whitney and Masker, 2010) . The NRC (2012) recommends 0.77 to 0.87% (2.32 to 2.59 g/Mcal) for gilts between 50 and 100 kg of BW and 0.64 to 0.77% (1.93 to 2.59 g/Mcal) for gilts above 100 kg of BW. The control lysine con centration was 0.15 to 0.25% and 0.08 to 0.21% greater compared to those recommended by the NRC (2012) during the grower and finisher period, respectively. The CM concentration was −0.01 to 0.09% and −0.04 to 0.09% greater compared to those recommended by the NRC (2012). Conversely, the National Swine Nutrition Guide (Whitney and Masker, 2010) recommends 0.74 to 0.92% (2.22 to 2.74 g/Mcal) for gilts between 50 and 100 kg and 0.56 to 0.74% (2.0 to 2.22 g/Mcal) for gilts above 100 kg. The control lysine concentration was 0.10 to 0.28% and 0.11 to 0.29% greater compared to those recommended by the National Swine Nutrition Guide (Whitney and Masker, 2010) during the grow ing and finishing period, respectively. Additionally, the CM concentration was −0.06 to 0.12% and −0.01 to 0.17% greater compared to those recommended by the National Swine Nutrition Guide (Whitney and Masker, 2010) during the growing and finishing period, respec tively. We anticipated that the differences in lysine in commercial diets compared to those of the NRC and Swine Nutrition Guide are based on proprietary results not publicly available and so chose to base our exper iment on the results of the poll of commercial diets. However, the medium ME concentration, which was used as the control, was the same value recommended by both the NRC (2012) and the National Swine Nu trition Guide (Whitney and Masker, 2010) . It is also important to note that the recommended guidelines are based on estimated lower feed intakes than the ones observed in this study (for further information, see Calderón Díaz et al. [2015] ). Diet formulation and proximate analysis of AA concentrations are described by Calderón Díaz et al. (2015) . Gilts had ad libitum ac cess to a single water nipple drinker in each pen.
Measurements
Growth and Body Composition Traits. Gilts were weighed and loin eye area and backfat thickness was measured at 100 d of age and at 28 d intervals until slaughter. Description of these measurements and the results for the effect of dietary treatments on them is described by Calderón Díaz et al. (2015) .
Age at Puberty. Starting at 160 d of age, gilts were exposed daily to a rotation of mature (>10 mo of age) vasectomized boars using direct boar contact between one boar and each pen of gilts for a 10min period each day. During these periods of boar contact, individual gilt behavior and changes in vulval condition were re corded daily, using standardized reference charts and a simplified version of a scoring system proven to have value in commercial practice for effective recording of the events leading to pubertal estrus (G. Foxcroft, un published data). Scoring was as follows: 0 = no signs of proestrus/estrus (gilt shows no interest toward boar and no vulval changes); 1 = gilt "soliciting" the boar (head to head contact) or with a reddened vulva; 2 = gilt allowing head-to-flank by boar or displaying a swollen, reddened vulva with vulval discharge; 3 = full standing estrus when applying the back pressure test in the presence of the boar. A full standing estrus (score 3) was the only accepted measure of pubertal estrus.
Measurements of Reproductive Tracts. Gilts were slaughtered at approximately 260 d of age, and their reproductive tracts were collected. The repro ductive tracts were categorized as: 0 = prepubertal (small uterus, small follicles, no corpora albicantia); 1 = estrus (large follicles previous to ovulation, corpora albicantia present, uterus large and turgid); 2 = met estrus (presence of corpora hemorrhagica, indicating shortly after ovulation); 3 = early diestrus (mature cor pora lutea [CL] present indicating early in the luteal phase); and 4 = late diestrus (pale CL present but with out large follicles, indicating late in the luteal phase). When CL were present, the number of CL was record ed as a measurement of ovulation rate. The length of each uterine horn was measured with a measuring tape after the mesometrium was trimmed.
Statistical Analysis
Age at puberty for each gilt was considered to be the age of first observed standing estrus. Failure to reach pu berty was considered to be those gilts receiving a score of 0 on examination of the reproductive tract at slaugh ter. Gilts were considered to be in behavioral anestrus at slaughter when they were found to be cycling at slaugh ter but had not been observed in standing estrus within 23 d previous to slaughter. Day of the cycle at slaughter was calculated by considering the first day of standing estrus within the 23 d prior to slaughter as d 0. For analysis, gilts determined to be prepubertal at slaughter were as signed −1 as the day of the estrus cycle at slaughter. Total uterine length was calculated as the sum of the length of the 2 uterine horns. Ovulation rate was calculated as the sum of the number of CL on each ovary.
Pen was considered the experimental unit (12 pens per diet; 72 pens on trial). Predicted variables were evaluated for normality using the Shapiro-Wilk test and examination of the normal plot. Data were analyzed using mixed model equations methods in SAS v9.4 PROC MIXED (SAS Inst. Inc., Cary, NC). The model for age at puberty included lysine and ME concentrations and their interactions as fixed effects. Body weight at 160 d of age (i.e., when boar exposure began) was included as a linear covariate. Pen within lysine  ME concentrations  barn was included as a random effect. For the reproductive tract measure ments, models were the same as for age at puberty ex cept that they also included puberty score as fixed ef fect. A separate model was used to analyze the effects of days of the cycle at slaughter on uterine length with lysine and ME concentrations and their interactions as fixed effects and days of cycle as a linear and quadrat ic covariate. Pen within lysine  ME concentrations  barn was included as a random effect. Gilts that were cycling but did not have an observed estrus within 23 d of slaughter were deleted from this analysis because the stage of the cycle could not be determined. Sta tistical differences were reported when model source of variation was P  0.05. When the model effect was a significant source of variation, levels of each main effect were separated using the PDIFF option, and a Tukey−Kramer adjustment was used to account for multiple comparisons between levels. Results for fixed effects are reported as least-squares means  SE. Results for continuous variables are reported as the re gression coefficient  SE.
The number of gilts that did not show standing estrus and the number of gilts in behavioral anestrus were analyzed using a chi-square test in SAS v9.4 PROC FREQ (SAS Inst. Inc.). For the number of gilts that did not show standing estrus, 2 analyses were per formed. The first analysis included all the gilts that were on trial at 160 d of age. For the second analysis, gilts that were removed from the experiment before 220 d of age were excluded as some of them could have been removed before they reached the physio logical maturity required to show standing estrus.
RESULTS
Age at Puberty
Average age at puberty was 193 d of age with a range from 160 to 265 d. When all gilts on trial at 160 d of age were included in the analysis, 91% of gilts dis played standing estrus. Thirteen gilts died and a further 27 gilts were removed from the trial before 220 d of age. The most common cause of removal was leg problems (17 gilts); 8 gilts did not have a record for the reason of removal, 1 gilt had a rectal injury, and 1 gilt was re moved due to respiratory problems. There was no differ ence in the number of gilts removed from each dietary treatment. When gilts removed from the trial before 220 d of age were excluded from the analysis, 94.2% of gilts displayed standing estrus. The number of gilts that reached puberty and age at puberty onset were not differ ent among dietary treatments in either analysis (Table 1) .
Overall, growth rate to 160 d was not limiting for age at first estrus in response to daily stimulation using direct boar contact, and very few gilts failed to achieve a lifetime growth rate of 0.6 kg/d (for further informa tion, see Calderón Díaz et al. [2015] ) at the start of boar stimulation (Fig. 1) . In this study, BW, backfat thick ness, and loin muscle area ranged from 113 to 192 kg, 14 to 33 mm, and 35 to 50 cm 2 , respectively, between 160 and 250 d of age (i.e., time of the last on farm data collection; see Calderón Díaz et al. [2015] ). Average BW, backfat thickness, and loin muscle area at puberty were 138 kg, 21 mm, and 41 cm 2 , respectively, and were not different among dietary treatments (for further information, see Calderón Díaz et al. [2015] ).
Reproductive Tract Measurements
Differences between dietary treatments for ovula tion rate and uterine length were not detected ( Table  1) . Forty-nine gilts were classified as prepubertal (i.e., puberty score = 0) at slaughter, and there were more prepubertal gilts in the low lysine treatments when compared with gilts fed the high lysine treatments (33 vs. 16 gilts, respectively; P < 0.05; Table 2 ). Gilts with reproductive tract score of 3 and 4 had a greater ovu lation rate and longer uterus than gilts that received a different reproductive tract score at slaughter (P < 0.05). Twentyone gilts were behaviorally anestrus, and differences among dietary treatments in the in cidence of behavioral anestrus were not found. Gilts with greater BW at 160 d of age had an increased ovu lation rate at slaughter (P < 0.05).
DISCUSSION
The study was conducted in a commercial setting, as this would provide the opportunity to use large numbers of animals and, most importantly, to replicate common industry genetics, management practices (such as ad libitum feeding) and rearing environments. Ad libitum feeding of developing gilts is commonly used during the growing-finish period because they are typically kept in groups until breeding and because most of the feeding systems currently used do not al low control of individual feed intake. Furthermore, exploration of dietary effects on reproductive traits that bracket SID lysine and ME concentrations that are currently used provides a secondary evaluation of these diets in addition to their effects on growth rates, which were presented in a companion paper (Calderón Díaz et al, 2015) . Using the present puberty stimula tion protocol with boar contact starting at 160 d of age, age at puberty did not differ among dietary treatments. A number of factors such as age, BW, 10th rib backfat thickness, and age at boar exposure affect the onset of puberty in the gilt. Kirkwood and Aherne (1985) suggested that gilts need a minimum BW and a mini mum level of backfat to attain puberty. As there were no differences in backfat thickness and BW between treatments in this experiment (see Calderón Díaz et al. [2015] for further information), this would largely explain the lack of treatment effects on age at puberty.
Studies evaluating the effect of diets differing in ly sine and ME on age at puberty are scarce; with most of the studies focused on different dietary regimes (i.e., ad libitum vs. restricted feeding) and their effects on repro ductive performance and sow longevity. Friend (1973) reported that gilts fed low lysine diets reached puberty later than gilts fed high lysine diets; however, the lysine concentration was lower (0.49%) when compared to the lower lysine concentrations (0.86 and 0.73% during the grower and finisher periods, respectively) utilized in the present study. Additionally, gilts used in the study conducted by Friend (1973) did not have ad libitum ac cess to feed. Results from the present study are in agree ment with those reported by Maricle et al. (2006) , who fed gilts using a 3phase feeding regimen, with different lysine concentrations along with either ad libitum or re stricted feeding, and reported that feeding regimen did not affect age at puberty. A similar result was reported by Klindt et al. (1999) , where gilts were fed diets with different dietary energy concentrations and had either ad libitum or restricted access to feed. Patterson et al. (2002) did not find an effect of dietary regimen on age at puberty when gilts were provided with ad libitum access to 2 different diets that either maximized lean growth potential or produced less lean growth but simi lar fat growth to the first diet. By contrast, Herrmann et al. (1979) and Klindt et al. (2001) reported that gilts that were severely feed restricted during the growing Table 1 . Age at puberty, ovulation rate, and uterine length (least squares means  SEM) of maternal line 1 gilts fed 2 lysine and 3 ME concentrations and their interaction from 100 to 260 d of age 7 Reproductive tract score: 0, prepubertal/infantile; 1, large preovulatory follicles and corpora albicantia present; indicating the proestrus stage of the cycle: 2, presence of corpora hemorrhagica, indicating recently ovulation; 3, functional corpora lutea (CL) present, indicating early to midluteal phase; 4, pale CL present but without large follicles, indicating late luteal phase.
8 Body weight at 160 d of age (i.e., when boar exposure began) included as a linear covariate. Results presented as regression coefficient and their associated standard error. Figure 1 . Relationship (solid fitted line) between ADG at the start of boar stimulation (160 d of age) and age at puberty in a large population (n = 1,111) of crossbred Large White  Landrace gilts fed 2 lysine and 3 ME concentrations and their interaction from 100 to 260 d of age. Dietary treatments had no effect on either growth rate or age at puberty. Very few gilts had a lifetime growth rate of <0.6 kg/d at 160 d, which would be considered limiting for attainment of puberty (horizontal broken line). The heavy solid diagonal line passes through the combinations of growth rates and ages at puberty that would result in gilts having a weight of 140 kg or above at pubertal estrus. All gilts above and to the right of this line would have weights in excess of 150 kg if bred at second estrus. The broken vertical lines indicate the realistic window in commercial practice (30 d from 170 d of age) for identifying pubertal estrus (heat no service) without incurring excessive gilt nonproductive days. In commercial practice, gilts still not pubertal at 200 d would either be "nonselect" or could be consid ered "opportunity" gilts induced to reach pubertal estrus with exogenous hormone treatment (see Discussion).
period and then provided with ad libitum access to feed attained puberty earlier compared with gilts provided with diets containing greater energy during the growing period. These previous reports imply that to achieve dif ferences in age at puberty or to reduce BW in naturally precocious gilts, restricted feed intake during the grow ing period is likely to be a more successful approach.
Approximately 6% of gilts were not observed in standing estrus between 160 and 260 d of age, which agrees with the results of Ehnvall et al. (1981) . How ever, only 4% of gilts had not attained puberty when evaluated at slaughter, determined by the absence of corpora lutea or corpora albicantia. The other 2% of gilts with no observed standing estrus were assumed to be behaviorally anestrus (cycling but no estrus be havior). The ability to distinguish between the 2 is an advantage of the experimental design used in the present study because the mechanisms for behavioral anestrus and puberty failure are likely to be different. As previously mentioned, it has been reported that low lysine in the diet delays puberty onset (Friend, 1973) , but there were no differences in age at puberty be tween lysine concentrations in the present study.
From an industry perspective, the excellent growth performance of the highhealth status, ad libitum fed gilts in the present study emphasizes the improvements in growth performance that have resulted from decades of selection for efficient lean growth performance in contemporary damline females. As shown in Fig. 1 , there were essentially no gilts with a lifetime growth rate at 160 d below 0.6 kg/d that would be considered limiting for age at first estrus. Conversely, the different combinations of greater growth rates and variable ages at first estrus dictate that nearly half the population of gilts studied would have exceeded 140 kg at pubertal estrus and an upper target of 150 kg if bred at second estrus in commercial production. Assuming the period of boar stimulation was limited to 30 d and started at 170 d of age, as in a more practical situation (see Fig.  1 ), feeding the fastest growing gilts with diets that lim ited growth performance or physical feed restriction would be possible management approaches to achieve targeted weight ranges (135 to 150 kg) at breeding. Further trials that impose more extreme limitations in dietary lysine and energy intake are, therefore, one logical outcome of the present study. A second man agement approach might be to stimulate pubertal es trus with exogenous hormone treatment at the time that nonpubertal gilts reached some predetermined weight threshold (e.g., 130 kg). This would also have the ad vantage of limiting the number of gilt nonproductive days between entry and breeding. However, possible negative impacts of exogenous hormone treatment on sow lifetime productivity need to be carefully evalu ated and require further investigation.
Although ovulation rate is considered to be a func tion of age and the number of estrous cycles rather than a direct function of body condition Gaughan et al., 1997; Rillo et al., 2005) , increasing en ergy intake for prepubertal gilts was reported to increase ovulation rate (den Hartog and van Kempen 1980; Kirk wood and Aherne, 1985; Beltranena et al., 1991) . As gilts on different dietary treatments in the present study had similar energy intake (for further details, see Calde rón Díaz et al. [2015] ) and a similar number of estrous cycles at slaughter (data not shown), the lack of dietary treatment effects on ovulation rate would be expected.
In conclusion, it is unlikely that age at puberty on set and reproductive tract measurements are affected by altering dietary ME or SID lysine concentrations by 10 to 15% based on ME and SID lysine values that are cur rently used for pig production in the United States, as both were above NRC (2012) and National Swine Nutri tion Guide (Whitney and Masker, 2010 ) nutrient require ments guidelines (Calderón Díaz et al., 2015) . However, the higher range of growth rates achieved, linked to the range of pubertal ages recorded in this largescale trial, identifies overweight gilts at breeding as a possible risk factor for reduced sow lifetime productivity. Further trials to explore the growthlimiting potential of more restrictive diets or the use of puberty induction with exogenous hormones are, therefore, needed to try and offset expected negative impacts of excessive weight at breeding on sow lifetime productivity.
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